We have investigated electrical resistivities of high-purity ultrafine-grained Cu containing different concentrations of nanoscale growth twins, but having identical grain size. The samples were synthesized by pulsed electrodeposition, wherein the density of twins was varied systematically by adjusting the processing parameters. The electrical resistivity of the Cu specimen with a twin spacing of 15 nm at room temperature ͑RT͒ is 1.75 ⍀ cm ͑the conductivity is about 97% IACS͒, which is comparable to that of coarse-grained ͑CG͒ pure Cu specimen. A reduction in twin density for the same grain size ͑with twin lamellar spacings of 35 and 90 nm, respectively͒ results in an increment in electrical resistivity from 1.75 to 2.12 ⍀ cm. However, the temperature coefficient of resistivity at RT for these Cu specimens is insensitive to the twin spacing and shows a consistent value of ϳ3.78ϫ 10 −3 / K, which is slightly smaller than that of CG Cu ͑3.98ϫ 10 −3 /K͒. The increased electrical resistivities of the Cu samples were ascribed dominantly to the intrinsic grain boundary ͑GB͒ scattering, while the GB defects and GB energy would decrease with increasing twin density. Transmission electron microscope observations revealed the GB configuration difference from the Cu samples with various twin densities. Plastic deformation would induce an apparent increase in the resistivity. The higher of the twin density, the higher increment of RT resistivity was detected in the Cu specimens subjected to 40% rolling strain. Both the deviated twin boundaries and strained GBs may give rise to an increase in the resistivity.
I. INTRODUCTION
Electrical resistivity ͑͒ is known to be a physical property very sensitive to the microstructure of materials. Electrical resistivity in a metal is usually caused by the scattering of electrons due to disturbances in the crystal structure including thermal vibrations, impurities, and defects. 1, 2 Recently, electronic transport properties of nanocrystalline ͑nc͒ and ultrafine-grained ͑ufg͒ materials are of much interest and have attracted growing attentions due to the large interfacial volume fraction as well as their unusual mechanical properties. 3 Studies have shown that grain refinement into submicrometer and nanometer regime leads to substantial strengthening where abundant grain boundaries ͑GBs͒ create obstacles to dislocation motion. 4 However, the presence of abundant GBs in ufg and nc metals would result in a pronounced decrease in their conductivity. For example, the nc Cu specimens exhibit a resistivity about one order of magnitude higher than that of annealed coarse-grained ͑CG͒ Cu at room temperature. 5, 6 Increased resistivities were prevalently obtained in ufg and nc Cu, Ni, Pd prepared by various approaches including inert gas condensation, 6, 7 electrodepostion, 8 magnetron sputtering 5,9-13 and severe plastic deformation. 14, 15 Significantly impaired electrical conductivity in nc and ufg metals, although with improved mechanical strength, hinders their further technological applications as conductive materials. 3 Alternative microstructures need to be sought for high strength and good conductivity, both of which are often required simultaneously. Like the conventional GBs, coherent twin boundaries ͑CTBs͒ can also obstruct the motion of dislocations. 16 Our recent works have shown that ufg Cu containing high concentrations of nanoscale growth twins, prepared by means of pulsed electrodeposition ͑PED͒, exhibit high tensile strength and hardness. [17] [18] [19] The strength increases with decreasing twin spacing, following a similar trend of Hall-Petch relation when grain size is replaced by twin lamellar spacing. 19 Tensile strength of the nanotwinned Cu ͑nt-Cu͒ with a twin spacing of 15 nm exceeds 1 GPa, which is about ten times higher than that of conventional CG Cu. 18, 19 However, unlike ufg and nc Cu, repeated measurement showed that the electrical resistivity of nt-Cu sample with a twin spacing as small as 15 nm at room temperature ͑RT͒ ͑293 K͒ is only 1.75 ⍀ cm, which is pretty close to that of the CG Cu. 18 That means that the introduction of high density of nanoscale twins leads to a unique combination of ultrahigh strength and high conductivity in Cu. 18 Such a nanoscale twinning strengthening without apparently sacrificing conductivity in metals is quite different from other traditional strengthening approaches. Further systematical investigations on the electrical resistivities of the ufg Cu specimens with different densities of nanoscale twins in as-deposited and as-deformed states are necessary for clarifying the intrinsic effect of nanoscale twinning on electronic transport behavior in the Cu samples. 
II. EXPERIMENTAL
High-purity Cu foils with nanoscale growth twin lamellar structures were fabricated by using the PED technique. Specimens ͑20ϫ 10 mm 2 ͒ were electrodeposited from an electrolyte of CuSO 4 onto a stainless steel sheet coated by a Ni-P amorphous thin film to a thickness of approximately 0.2 mm and subsequently mechanically stripped from the substrate. Then the as-deposited Cu foils were polished mechanically from the growth surface to a final thickness of about 35 m to ensure an equiaxed grain structure within this layer. The twin density was controlled by adjusting the physical and chemical parameters, such as pH value, current density, and temperature. The procedure of sample preparation is described in detail in Refs. [17] [18] [19] . Chemical analysis of as-deposited Cu sheets indicated that the purity was better than 99.998%. The densities of all the Cu specimens were measured to be about 8.93± 0.03 g / cm 3 at RT by applying the Archimedes principle.
For investigating the effect of plastic deformation on electrical resistivity of the nt-Cu specimens, cold rollings were carried out at RT by using a twin-roller apparatus with a diameter of 50 mm. The strain ͑͒ of cold-rolled samples is defined by = ͑␦ 0 − ␦͒ / ␦, where ␦ 0 is the initial thickness of the Cu samples and ␦ is the final thickness after cold rolling. The Cu samples with an initial thickness of ϳ35 m were cut into 4 mm wide by 8 mm long strips for further cold rolling. After repeated rolling, the Cu foils were deformed with a maximum strain of ϳ40% and the final thickness reduced to ϳ25 m.
The microstructures of as-deposited and as-deformed Cu samples were characterized by transmission electron microscope ͑TEM͒ observations. Cu disks with a diameter of 3 mm for TEM observations were cut from as-deposited and as-rolled foils and were mechanically ground to a thickness of about 20 m. Those thin foils were then twin-jet polished with an electrolyte consisting of 25% alcohol, 25% phosphorous acid, and 50% de-ionized water ͑by volume͒ that was cooled by liquid nitrogen. TEM observations were conducted on a JEOL 2010 TEM operating at an accelerating voltage of 200 kV. Select area electron diffraction ͑SAED͒ patterns for Cu samples were taken with aperture diameters of 0.2 and 1.25 m for a local observation of twin boundary and a holistic observation of numerous twins inside several grains, respectively.
A conventional four-probe technique that involves measuring a potential difference at a known distance between two points on the samples was used to measure the direct current resistivity from 2 to 300 K. Four platinum wires were attached to the samples using conductive silver paste. Data collection was carried out during the cooling in a liquid He cryostat, and electrical resistances were calculated by the ratio between the voltage and electric current. The sample length ͑ϳ1 cm͒ and width ͑ϳ0.1 mm͒ were determined by using optical microscope, and the thickness was determined measured by means of scanning electron microscope, being about 25 m. For the cold-rolled Cu samples, the resistivity parallel to rolling direction was measured.
III. RESULTS

A. Microstructural characterization of as-deposited nt-Cu
Figures 1͑a͒ and 1͑b͒ illustrate plane-view TEM micrographs of two as-deposited nt-Cu samples with different densities of twin boundaries ͑TBs͒. Obviously, both Cu specimens have a roughly equiaxed grain structure with random orientations and an average grain size of about 500 nm. Inside each grain there are an amount of growth twins ͓as indicated by local SAED pattern in the inset of Fig. 1͑c͔͒ . High-resolution TEM ͑HRTEM͒ observations suggest that most of growth TBs are coherent ͚3 boundaries. Statistical measurements of twin lamellar spacing along the ͓110͔ direction showed that the average twin spacing is about 15 nm ͑hereafter referred to as nt-Cu-15͒ and 90 nm ͑nt-Cu-90͒, respectively, as shown in Figs. 1͑e͒ and 1͑f͒ . The large difference in twin density between two Cu samples is also reflected by SAED patterns in the insets of Figs. 1͑a͒ and 1͑b͒. The SAED pattern for nt-Cu-15 is considerably inhomogeneous and displays strong diffraction character of twins, while it is not happened for nt-Cu-90. An ufg Cu with a medium twin lamellar spacing of 35 nm ͑nt-Cu-35͒ was also investigated in this study. High density of growth twins separates these submicron-sized grains into nanometer thick twin/ matrix lamellar structures.
Obviously, grains of as-deposited Cu samples are separated by legible GBs. Closer observations indicated that the GB morphologies are different for nt-Cu with various densities of TBs, as displayed in Figs. 1͑c͒ and 1͑d͒. A remarkable feature of the GB structure of nt-Cu-15 ͑with a high density of TBs͒ is that the GBs which intimately contact two sets of twins are much straight and clear. The GBs for nt-Cu-15 are similar to faceted GBs consisting of "broken lines," which are much different from conventional GBs. Most of the GBs seem to keep a certain crystallographic orientation. Strictly speaking, the GBs in Fig. 1͑c͒ are more like networks of ͚3 n boundaries as described in the literature. 20 However, the GBs for nt-Cu-90 are similar to the conventional GBs; they are quite curved and evident contrasts can be observed from two conjoint grains. Comparing with the clear and straight GBs for nt-Cu-15, it seems there are lots of defects concentrated in the vicinity of GBs in nt-Cu-90.
Although both TBs and GBs are visible in the TEM micrographs, the area fraction of TBs is remarkably higher than that of GBs. Few dislocations are observed in the lattice. Figure 2 displays the temperature dependence of the resistivity of the as-deposited nt-Cu samples with different twin densities. It can be clearly seen that for each nt-Cu the resisitivity decreases linearly with the temperature down to 70 K, although the slopes are different for each one. Below 70 K, a nonlinear temperature dependence of resistivity is detected. A clear effect of twin spacing on the resistivity is seen from this plot. The resistivity decreases with decreasing the twin spacing. For nt-Cu-90 the electrical resistivity at RT ͑ 293 K ͒ is about 2.12 ⍀ cm, and it decreases down to 1.93 ⍀ cm when the twin spacing reduces to 35 nm. The resistivity of nt-Cu-15 is pretty close to that of annealed CG pure Cu over the whole measured temperature range. Repeated measurements gave a 293 K of nt-Cu-15 of 1.75 ⍀ cm, in comparison to 1.69 ⍀ cm for the CG one ͓the literature value is 1.67 ⍀ cm for oxygen-free high conductivity Cu ͑Ref. 21͔͒. It means that the conductivity of nt-Cu-15 is about 97% of the International Annealed Copper Standard ͑IACS͒. Note that the resistivities of nt-Cu are noticeably lower than those reported in the literature for polycrystalline Cu with nanometer-sized grains. 5, 6, 22, 23 For example, the typical 293 K of the Cu with an average grain size of about 20 nm is 15 ⍀ cm, 5 about one order of magnitude higher than those measured in the nt-Cu specimens in the present study. Above results indicate that the high density of growth twins does not lead to a significant increment in electrical resistivity in Cu.
B. Electronic properties of as-deposited nt-Cu
The difference in between three nt-Cu specimens reduces with a decreasing temperature. Electrical resistivity of a pure metal at low temperature can be represented by
where is the measured resistivity, 0 is the residual resistivity without phonon effect, and J and k are constants. To obtain 0 and k, a least-mean-squares fit of the data in the low temperature region ͑2-35 K͒ was carried out by using Eq. ͑1͒ as illustrated in Fig. 3 . The fitting curves are well consistent with the measured data for each sample. It is found that the 0 of the nt-Cu specimens ranging from 6.87ϫ 10 −2 to 9.73ϫ 10 −2 ⍀ cm are two orders of magnitude larger than that for CG Cu ͑ϳ1.7ϫ 10 −4 ⍀ cm͒. 25 The obtained k values for the nt-Cu samples are almost the same within the measured error, being about 4.16, which is close to the values ͑4.40-4.84͒ of high-purity CG Cu in the literature. 24 The temperature coefficient of the resistivity ͑TCR͒ of a material can be defined as 
where T is the temperature and is the electrical resistivity. Such TCR defined above can reflect essentially the temperature dependence of the resistivity, moreover avoid the effect by measurement errors in determining a geometrical factor. For all of the nt-Cu specimens, it is interesting to find that TCR at 293 K is insensitive to twin spacing and shows a consistent value of ϳ3.78ϫ 10 −3 / K, which is slightly smaller than that of CG Cu ͓␣ = 3.98ϫ 10 −3 / K, in comparison to the literature value of 3.94ϫ 10 −3 /K ͑Ref. 25͔͒. Obviously, the measured TCRs at 293 K for the nt-Cu are considerably higher than those of Cu with nanometer grain size, 5, 6 as seen in Fig. 4 . The small decrease in TCR of nt-Cu as compared to bulk CG Cu, similar to what observed in ufg Ni with a comparable grain size of 500 nm, 8 may be attributed to the refined grains. 
C. Microstructure and electronic properties of as-deformed nt-Cu
The postdeformation microstructures of nt-Cu-15 and ntCu-90 subjected to cold rolling with a strain of 40% are shown in Figs. 5͑a͒ and 5͑b͒, respectively. Abundant dislocation debris is observed in the vicinity of GBs, as shown by the white arrows in Figs. 5͑a͒ and 5͑b͒. The majority of the TBs are much strained, stepped, and even curved ͓as indicated by the white dotted line in Fig. 5͑a͔͒ due to high density of dislocations located at the TBs, which is revealed clearly by the closer TEM observation in Fig. 5͑c͒ and the corresponding schematic illustration in Fig. 5͑d͒ . HRTEM observations reveal that most of dislocations at the TBs are Shockley partials. 19 SAED pattern of the twinned area ͓inset in Fig. 5͑a͔͒ illustrates that some diffraction spots are arc shaped, indicating that the misorientations across TBs deviate slightly from 60°caused by the interaction between TBs and dislocations. 27 Many dislocations and tangles accumulate inside the wide twins, which is not the case seen in the thin twins. A comparison of TEM micrographs before and after rolling reveals that the twin spacing is widened at a certain extent. In addition, no variation in grain size was detected, and dislocation cells and/or walls were hardly observed in the deformed nt-Cu samples. ing for the as-deposited and as-rolled nt-Cu with a rolling strain of 40%. Plastic deformation results in an apparent increase in the resistivity in nt-Cu samples. The higher the twin density for nt-Cu specimens, the higher resistivity increment is observed, as that illustrated in the inset of Fig. 6 . Nt-Cu-15 shows a remarkable improvement, ⌬ 293 K as high as 0.18 ⍀ cm, which is more than four times larger than that of CG Cu samples after 40% cold rolling ͑⌬ 293 K = 0.04 ⍀ cm͒. Whereas for the nt-Cu-35 and nt-Cu-90, ⌬ 293 K are 0.12 and 0.08 ⍀ cm, respectively.
IV. DISCUSSION
According to Mattiessen's rule, the overall resistivity of a material may be represented in mathematical form as follows: total = t + i + d , in which t , i , and d represent the individual thermal, impurity, and defect resistivity contributions, respectively. The thermal effect on the resistivity difference can, in general, be neglected because of the identical measurement procedures and the high purities of the asdeposited nt-Cu specimens. The contribution of defects to electrical resistivity is complicated, which is associated with the type, density, and structure of defects. Usually, the defects can be classified as follows: ͑i͒ point defects ͑typically vacancies͒; ͑ii͒ line defects ͑dislocations͒; ͑iii͒ interfacial defects ͑grain boundaries, twin boundaries, stacking faults, etc.͒.
The effect of interfacial defects in polycrystalline materials on the reisitivity has been investigated extensively. Figure 7 presents the variation of 293 K as a function of the reciprocal of characteristic size ͑grain size d or twin spacing ͒ for nc and ufg Cu in the literature and the nt-Cu in this study. For annealed CG pure Cu, 293 K , as low as 1.67 ⍀ cm, originates from thermal vibration contribution with neglectable contribution from various defects. Clearly, reducing grain size would result in a significant increment in the resistivity, as shown in the upper shadow area in Fig. 7 .
For example, 293 K is about 2.46 ⍀ cm for Cu with a grain size of 109 nm, 15 and 293 K can be higher than 14.3 ⍀ cm for the nc Cu with an average grain size of 7 nm. 6 Since the GB volume fraction is in direct proportion to 1 / d, the increase in the total resistivity of nc and ufg Cu samples is thought to mainly result from the contribution of abundant GB scattering.
Note a significant scatter of 293 K relative to the similar grain size for nc and ufg Cu is observed in Fig. 7 . For the Cu with the same average grain size of about 20 nm, 293 K can be varied from 3 ͑Ref. 11͒ to 15 ⍀ cm. 5 Besides measurement errors, other important factors for this large scatter may be attributed to the difference in GB structure and sample purity, which originated from different synthesis techniques. Recent studies revealed that segregation of impurities at GBs and high density of GB dislocations may evidently alter the scattering of electrons at GBs, consequently the GB resisitivity. 5, 13, 28 In contrast to the trend of 293 K versus grain size, 293 K of the nt-Cu does not change obviously with decreasing the twin spacing. With decreasing the twin lamellar spacing from 90 to 15 nm, 293 K does not increase, but decreases slightly from 2.12 to 1.75 ⍀ cm, which is much lower than that obtained in nc Cu samples. This suggests that TBs play a different role in the resistivity of nt-Cu, compared with GBs in ufg and nc Cu. Such a case that high density of CTBs has little impact on the resistivity increase has been also found in sputter deposited 330 stainless steel ͑SS͒ with nanoscale growth twins. 29 The minimum resistivity of 330 SS film was found to be around 110 ⍀ cm, just slightly higher than that of bulk annealed 330 SS, 102 ⍀ cm. The minor increased resistivity was ascribed chiefly to GB scattering, although the sample contained an extremely high density of TBs ͑twin spacing as small as 3 -4 nm͒.
An analysis of the residual resistivity 0 that is usually dependent only on the amount of the impurity and defect concentrations could shed light on the nature of the electronic transport mechanism for the nt-Cu specimens. The nearly full density of the nt-Cu can be also proven by the elastic modulus determined through nanoindentation tests, which is very close to the bulk modulus value ͑ϳ120 GPa͒. 17 The chemical analysis results have proven that the purity of nt-Cu specimens is better than 99.998%. The lattice dislocation density and vacancy concentration can be neglected for nt-Cu samples because no void has been detected in the vicinities of triple junctions, TBs and GBs under HRTEM observations. Therefore, in the present work, the effect of contaminations, dislocations, and voids on 0 of the nt-Cu can be ruled out.
The increment of resistivity in nt-Cu with decreasing density of TBs may be attributed to the variation of GB and TB contributions. Electrical resistivity of stacking faults ͑SFs͒ in Cu at RT was measured to be about 3.4 ϫ 10 −7 ⍀ cm 2 . 30 The CTB resistivity can be taken as half of the specific SF resistivity, 28 1.7ϫ 10 −7 ⍀ cm 2 in Cu. By estimating from TEM statistic, the total TB area in a unit volume in nt-Cu samples is approximately from 5.0ϫ 10 7 ͑nt-Cu-15͒ to 0.8ϫ 10 7 m 2 /m 3 ͑nt-Cu-90͒. area densities and the estimation of the contributions of TBs and GBs to the overall resistivities. TB contribution to the overall resistivity should be around ͑8.5-1.4͒ ϫ 10 −2 ⍀ cm for nt-Cu with different TB densities. The intrinsic GB resistivity of a metal is much complicated and has respect to its boundary structure. The GB resistivity can vary from 5.6ϫ 10 −6 ⍀ cm 2 for a GB with a high density of dislocations to 2.04ϫ 10 −6 ⍀ cm 2 in a fully relaxed state in Cu. 5 In this study, it is still supposed that the GB resistivity varies in the same range, then the total GB contribution to the resistivity should be between 34ϫ 10 −2 and 12 ϫ 10 −2 ⍀ cm. Evidently, although the TB density is much larger than that of GBs, the contribution of GBs to the resistivity is still dominant compared with that of TBs in nt-Cu samples. The enhanced resistivity in nt-Cu specimens compared to bulk CG Cu may dominantly come from the GB electron scattering, and the difference in 293 K for various twin densities should be preliminarily related to its intrinsic GB structures and energy state.
The origin of GB microstructure should be traced back to the electrodeposition procedure and twin formation. From a thermodynamic point of view, twin formation would facilitate to lower the entire GB energy state in materials despite two extra CTBs are formed in a grain, since the excess energy of CTBs ͑24 mJ/ m 2 ͒ ͑Ref. 31͒ is much lower than that of the conventional high-angle GBs ͑620 mJ/ m 2 ͒. 31 The driving force for formation of TBs at GBs or triple junctions is the decrease in entire interfacial free energy that occurs especially for where with high excess energy during PED. 18 The nature of TB formation from conventional GBs is depicted by a simple two-dimensional schematic in Fig. 8 to show the total free energy variation before and after a twinning ͑T͒ formation inside the grain A. If the total GB energy before twinning is S 14 ␥ AB + S 23 ␥ AC , where S denotes the area and ␥ AB and ␥ AC denote the interfacial energy ͑or GB energy͒ of grains A/B and A/C, respectively. The interface energy variation due to "T" formation should satisfy the following energy variation:
where ␥ BT and ␥ CT refer to the interface energies between grains B and T, grains C and T, respectively. ␥ TB is the energy of coherent TB. Obviously, the GB energies ␥ AB and ␥ AC are reduced to ␥ BT and ␥ CT as a result of the twin T formation inside grain A, i.e., the high energy GBs would be relaxed to a lower energy state. Since GB energy is closely relative to its intrinsic structure, the GB relaxation should be primarily taken by the relief of residual strain, stress relaxation, lowered misorientation angles. A straightforward understanding for this process is that twinning would reduce the total concentration of GB defects, including GB dislocations, vacancies, etc. In other words, the GB energy or GB defects of the Cu samples would be minimized by introducing high density of growth CTBs during the electrodeposition. This is consistent with the TEM observation of the faceted GBs in Fig. 1͑c͒ . The more twinning, the less the total GB energy and GB defects, and then the smaller the GB electron scattering, which accounts for the observed trend of reducing with increasing twin density.
The model proposed by Mayadas and Shatzks 32 may be used to estimate the resistivity increase due to GB scattering further. In this model, GB scattering raises the resistivity by reducing the electron relaxation time relative to that of the intrinsic material. The resistivity with GBs, , relative to the intrinsic electrical resistivity without GBs, I , is expressed by
where ␥ is the scattering parameter given by
In this equation, l is the intrinsic electron mean free path in the lattice ͓39 nm for Cu ͑Ref. 33͔͒, d is the average grain size, and R is the reflection coefficient of electron by a GB ͑0 Ͻ R Ͻ 1͒ that is determined directly by GB structure and represents the capacity of GB scattering for conduction elec- trons. In the present case, if the contribution of TBs to the total resistivity was neglected, the reflection coefficients R should be 0.23, 0.53, and 0.66 for nt-Cu-15, nt-Cu-35, and nt-Cu-90, respectively. It appears that the formation of a high density of CTBs could result in a decrease of R effectively.
The R values are consistent with the values reported for Cu in the literature that typically range from 0.20 to 0.80. 6, 10, 11, 32, 34, 35 The analysis of R supports that the increased resistivity of nt-Cu seems to be ascribed chiefly to the GB scattering. However, GB structure as well as GB reflection coefficient of electrons is intimately associated with the total twin density in the Cu samples.
Generally, plastic deformation would bring on a small increment of 293 K in CG Cu, being about 0.04 ⍀ cm in the present study, which mainly originates from the enhanced electron scattering of the dislocation cell boundaries and lattice dislocation tangles formed during deformation. The remarkably increased 293 K of nt-Cu suggests another new electron scattering mechanism for the nt-Cu samples different from that known for CG Cu without twins.
Postmortem TEM observations indicate that the interaction of dislocations and TBs still dominates the cold rolling process of the nt-Cu, as seen in Fig. 5 . However, dislocation cells were hardly observed in the strained specimens. A high density of dislocations was detected at TBs and GBs. Both the strained TBs and GBs should contribute to the measured increased resistivity for the nt-Cu specimens. Two effects will be discussed in the following.
Different from the clear and straight TBs in the asdeposited nt-Cu, TBs in the cold-rolled Cu are much strained, stepped, and even curved, as seen in Fig. 5͑a͒ . As shown in Figs. 5͑c͒ and 5͑d͒, the TB plane deviates gradually from the initial straight, ͚3 CTB. The misorientation deviates from the exact ͚3 relationship by a few degrees ͓, as illustrated in Fig. 5͑d͔͒ so that the coherent ͚3 relationship is no longer strictly valid. Moreover, some of deviated TBs may even develop to low-angle GBs. 17 The deviation associated with a given lamellar boundary depends on the width of twin lamellae. Most of thin twins have a distinct deviation with a high density of dislocations at TBs, while plenty of dislocations and dislocation tangles are identified inside the thick lamellae.
Those deviated TBs with a high density of dislocations are expected to possess a significantly enhanced boundary energy and electron scattering compared with that of CTBs. 17 Recently, Nakamichi revealed that the TB resistivity increases when the TB plane deviates slightly from ͕111͖.
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The increase is proportional to the angle . In this sense, the high density of deviated TBs yields a significant fraction of the increased resistivity in as-rolled nt-Cu samples, especially in nt-Cu-15. But for nt-Cu-90, notable lattice dislocations are prevalent in the cold-rolled microstructure, which contribute to the overall resistivity limitedly, very like that in the as-rolled CG Cu.
Besides the contribution of deviated TBs to the entire resistivity, it is certain that the much strained GBs would result in an increase in resistivity in nt-Cu. However, it is difficult to quantitatively distinguish the contributions of strained GBs and TBs to the electrical resistivity.
It is interesting to notice that no trade-off is made between conductivity and strength in the ufg Cu with high density of nanoscale growth twins. The conductivity exhibits a gradual increase with increasing strength for the nt-Cu specimens. An ultrahigh strength ͑ϳ1 GPa͒ and a good conductivity ͑ 293 K ϳ 1.75 ⍀ cm͒ are achieved simultaneously in the nt-Cu-15. This trend is distinct from the tendency of the conductivity falling with tensile strength observed in Cu and Cu alloys because strengthening the metals via other approaches, including solid solution alloying, cold working, and grain refinement, usually leads to an apparent decrease in conductivity. 2, 18 The present experimental results suggest that nanotwinned lamellar structure may provide the optimized combination of mechanical properties and electrical conductivity, which sheds light on the potential to develop future high-performance materials for practical applications based on such an attractive structure.
V. SUMMARY
The electrical resistivities of ufg Cu containing different densities of nanoscale growth twins, but having identical grain size, were systematically investigated from a temperature range of 2 -300 K.
͑1͒ It is found that the high density of TBs has little impact on the increase of the resistivity of these nt-Cu specimens. The 293 K of nt-Cu sample with a twin spacing of 15 nm is only 1.75 ⍀ cm, which is slightly higher than that of annealed CG Cu ͑1.69 ⍀ cm͒. With an increase of twin spacing from 15 to 90 nm, the 293 K increases gradually from 1.75 to 2.12 ⍀ cm. However, TCR at 293 K of nt-Cu is insensitive to the twin spacing and shows a consistent value of ϳ3.78ϫ 10 −3 / K, which is slightly smaller than that of CG Cu ͑␣ = 3.98ϫ 10 −3 /K͒. ͑2͒ The elevated resistivity of the nt-Cu, as compared to CG Cu, may arise mainly from the contribution of GB scattering. The formation of twins appears to lower the total GB defects and energy effectively. TEM observations also indicated an obvious configuration difference for the GBs of the nt-Cu with different twin densities. The decreased intrinsic GB resistivity through this structural relaxation may account for the reduced resistivity with increasing twin density in the nt-Cu. ͑3͒ After cold rolling deformation, a clear resistivity increase was observed in nt-Cu with a high density of twins which seems to originate from the enhanced electron scattering effects at deviated TBs and strained GBs enriched in copious dislocations. The higher the twin density, the larger increment in RT resistivity was detected in the cold-rolled nt-Cu specimens.
